ABSTRACT Two methods of measuring stroke volume and cardiac output with pulsed Doppler twodimensional echocardiography were developed and validated against the thermodilution technique in 39 patients, 33 of which were in an intensive care unit. With the use of the apical four-chamber view, a mitral inflow method combined the velocity of left ventricular inflow at the mitral anulus with the crosssectional area of the anulus calculated from its diameter at middiastole (area = z r2). From the apical five-chamber view a left ventricular outflow method combined the velocity of left ventricular outflow with the cross-sectional area of the aortic anulus calculated from its diameter during early systole (parastemal long-axis view). Measurements with the mitral inflow and left ventricular outflow methods were obtained in 35 of 39 (90%) and 39 of 39 (100%) patients, respectively. Validation of the mitral method excluded patients with mitral regurgitation (n = 11) and validation of the left ventricular outflow method excluded those with aortic regurgitation (n = 4). Good correlations were observed between thermodilution and Doppler measurements of stroke volume and cardiac output for both the mitral anulus method (R = .96 and .87, respectively) and the left ventricular outflow method (R = .95 and .91, respectively). The results of the two methods correlated well with each other in patients without regurgitant valve lesions. A greater interobserver variability was observed with the mitral anulus method, which was related solely to greater variability in measuring the annular diameter. In patients with mitral regurgitation, left ventricular inflow volume was always greater than left ventricular outflow stroke volume while the inverse was true in those with aortic regurgitation. Thus, stroke volume and cardiac output can be accurately measured from the cardiac apex with mitral inflow or left ventricular outflow methods when applicable. Comparison of volumes obtained with these two methods may prove valuable in quantitating the severity of mitral or aortic regurgitation. Circulation 70, No. 3, 425-431, 1984. RECENT technological developments have made possible the application of Doppler echocardiography to the measurement of stroke volume and cardiac output. Methods previously validated consist of measuring ascending aortic flow from the suprasternal window or pulmonary arterial flow from the parasternal window.1-' These methods work on the premise that the velocity of blood flow determined from the Doppler
shifts of the reflected sound waves are uniformly distributed throughout the cross section of the vessel so that the product of the area under the velocity curve times the cross-sectional area of the vessel is equal to the volume of blood passing through the vessel.
Among figure 1 ). Slight adjustments in transducer angulation or sample volume position were at times required to maximize the audio and graphic quality of the Doppler signal. The velocity of mitral inflow was recorded over several cardiac cycles at a paper speed of 100 mm/sec. The position of the sample volume was moved slightly from one corner of the anulus to the other in the majority of studies so that any significant change in morphology or amplitude of the velocity tracings that would suggest a nonlaminar velocity profile could be detected; this was not observed in any patient. The sample volume was then gradually moved through the leaflets and into the inflow region of the left ventricle to ensure the absence of inflow stenosis appearing as a highvelocity flow disturbance with frequency dispersion. Although inflow stenosis was not present in any of the patients studied, it was not uncommon to see a modest increase in peak early diastolic velocity (for example from 50 to 70 cm/sec) when sampling in the left ventricular inflow region. The magnitude of this increase was greater in patients with low cardiac output and poor mitral leaflet separation.
For the recording of left ventricular outflow, the transducer was rotated slightly with a superior tilt until the aortic valve and the ascending aorta were visualized and the sample volume was placed in the middle of the left ventricular outflow immediately proximal to the leaflet of the aortic valve (figure 2). As with the mitral inflow method, slight adjustments in either transducer or cursor angulation were at times required to optimize the orientation between the sound waves and flow. This was assessed by the quality of the Doppler tracing. However, once this position was obtained, minimal displacement of the sample volume laterally did not appear to influence the morphology or amplitude of the flow-velocity curve. Several cycles of left ventricular outflow velocity were recorded at a paper speed of 100 mm/sec. The possibility of aortic stenosis was excluded by placing the sample volume through the aortic valve and in the ascending aorta using the parasternal and suprasternal windows and searching for wide systolic frequency dispersion of the flowvelocity curve as an indicator of stenosis. Finally, the transducer was placed in the parasternal position to obtain a long-axis view of the left ventricle and the aortic valve, as shown in figure 2.
(time-velocity integral) by the cross-sectional area of the mitral This view was selected over the apical view because the strucanulus. Curves from five to 10 cardiac cycles were digitized tures needed for adequate measurements of the aortic anulus following the contour of the darkest portion of the velocity were not always properly visualized from the apical window. tracing and an average of the time-velocity integrals was obMeasurements and calculations. All measurements were tained. made with the aid of an off-line computerized-analysis station
The middiastolic transverse diameter of the mitral anulus was equipped with internal calipers and a programmable graphic measured from the second or third video frame after the initial analyzer (Digisonics EC-200). The recorded two-dimensional maximal opening motion of the anterior leaflet. Measurements images ('/2 inch VHS) were played back through a videocassette were taken from the inner edge of the lateral bright corner of the system equipped with a frame-by-frame bidirectional search anulus to the inner edge of the medial corner just below the module (JVC BR6400 U).
insertion of the mitral leaflets (figure 1). Measurements from a Mitral inflow method. The mitral inflow volume was determinimum of five cardiac cycles were averaged and the crossmined by multiplying the area under the diastolic inflow curve sectional area of the anulus was derived as FT x r2, where r represents half of the annular diameter. This method assumes a circular shape for the mitral anulus and a constant cross-sectional area throughout diastole.
In normal subjects. Ormiston et al.9 performed a two-dimensional echocardiographic reconstruction of the mitral anulus from multiple calibrated apical views and found the shape of the anulus to be nearly circular during diastole. A 12% gradual increase in cross-sectional area was observed from early diastole to end-diastole.
In the first 15 patients the cross-sectional area of the mitral FIGURE 2. Still-frame images ot the heart during systole in the parasternal long -axis view (toJp lcft), showing where the aortic anulus diameter is measured (white arrow), and in the apical five-chamber view (tolp right), illustrating the position of the sample volume immediately proximal to the aortic valve. Doppler recording of left ventricular outflow velocity is shown in the I/oer paniel at a paper speed of 100 mm/sec. AV -aortic valve; Ao = ascending aorta; other abbreviations as in figure 1 .
anulus was also derived by combining annular diameters (D) from the four-chamber and two-chamber apical views as (w x D, x D2)/4. The results were nearly identical to those derived from the four-chamber view alone and therefore the single measurement method was selected for the investigation in order to increase the clinical applicability of the method. Stroke volume (SV) was calculated as
where M-CSA is the cross-sectional area of the mitral anulus. Cardiac output was calculated as SV x heart rate derived from the five to 10 cardiac cycles digitized. Left ventricular outflow method. Left ventricular outflow volume was determined as the product of the time-velocity integral (average of five to 10 cardiac cycles) and the crosssectional area of the aortic anulus. The outflow velocity curves were digitized following the contour of the darkest portion of the curve in a manner similar to the mitral inflow method.
The cross-sectional area of the aortic anulus was calculated as 7w x r2, where r represents half of the annular diameter (average of five to 10 cardiac cycles) measured immediately proximal to the points of insertion of the aortic leaflets one or two video frames after maximal systolic leaflet separation (figure 2). Whenever possible, the aortic anulus was also imaged in the short-axis plane, confirming its circular shape and the lack of significant change in size during systole. However, the diameter measured from the parasternal long-axis plane was used to calculate the annular cross-sectional area in order to increase the success rate in patients in whom there were technical difficulties. Correction for angle. As evident by equation 1, the angle of incidence between blood flow and sound is an important determinant of the accuracy of Doppler measurements of blood velocity, and ideally it should either be zero or well known. In practice, this angle cannot be measured precisely from a twodimensional image for two reasons. First, total flow within a vessel or through an orifice is not seen, and therefore, to measure an angle it has to be assumed that flow is directed parallel to a visualized anatomic landmark, such as the walls of the aortic root or the long-axis plane of the ventricle. Second, in a given two-dimensional plane the angle may be significantly underestimated due to the orientation of the sound waves with flow on the orthogonal (nonvisualized) plane. Fortunately, 0 can vary by as much as 20 degrees with an error in underestimating flow velocity of no more than 6%. Use of the apical window has the advantage of providing a shallow ('20 less 10%, the average of the three was taken. If the difference was more than 10%, two more outputs were obtained and the values at the two extremes were discarded before averaging. Stroke volume was calculated as cardiac output divided by heart rate.
Data were analyzed by linear regression analysis.
Results Table 1 lists the data obtained for each of the patients studied and the statistical correlations are shown in table 2. The mitral inflow method could not be used in four patients because the quality of the two-dimensional images was not adequate for measurements of mitral annular diameter. The left ventricular outflow method was successfully applied in all patients.
Mitral inflow vs thermodilution. In 24 patients with clinically adequate mitral inflow measurements and without Doppler evidence of mitral regurgitation, a high correlation was observed between thermodilution-derived stroke volume and Doppler-determined mitral inflow volume over a wide range of stroke volumes, with an R value of .96 and an SEE of 5.9 ml ( figure 3, A) . quently difficult to obtain in many adult patients, particularly in the critically ill. In this investigation we assumed that flow through the mitral anulus was dependent mostly on the crosssectional area of the anulus and less on the mobility of the valve leaflets. In fact, we frequently observed an increase in inflow velocity as the sample volume was passed through the valve orifice into the body of the left ventricle and the magnitude of this increase was greater in patients with low cardiac outputs, suggesting that this assumption was correct. Although an increase in anular area averaging 12% has been documented from early to end-diastole by Ormiston et al.,9 this change represents a relatively small change in diameter since it is related to the square root of area. The method described by Ormiston for measuring mitral annular area is complex, time consuming, and technically applicable to a small subgroup of patients studied. Thus, at present, the only practical alternative is to calculate the area from a diameter measurement. In our initial efforts we did not find any significant difference between the use of two orthogonal diameters of the mitral anulus vs the use of one derived from the apical fourchamber view, and therefore we selected this simplified approach in order to increase the clinical applicability of the method. The results correlated well with those obtained with the thermodilution method.
There are potentially fewer theoretical problems with the left ventricular outflow method since the aortic anulus is indeed circular and its size changes minimally during ejection. We again used one diameter measurement from a long-axis view in order to simplify the technique and make it more clinically applicable. The results with the left ventricular outflow method were equal in accuracy to those with the mitral anulus method. However, this method was easier to apply in all patients and, importantly, involved less interobserver variability than the mitral anulus method.
An additional advantage of these two new Doppler methods of measuring stroke volume and cardiac output is the potential for calculating regurgitant volumes by comparing one to the other in patients with isolated mitral or aortic regurgitation. As shown in table 1, the mitral inflow volumes were greater than the left ventricular outflow volumes in all patients with mitral regurgitation, while the inverse was true in the patients with aortic regurgitation. A regurgitant fraction could therefore be calculated as the difference between the results of the two Doppler methods divided by the volume derived from the respective regurgitant valve. Future clinical studies are needed to validate this new Doppler approach against hemodynamic-angiographic calculations of regurgitant fractions. The increased clinical yield provided by these two new methods should expand the applicability of Doppler echocardiography for measuring cardiac output in routine clinical practice.
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